In this study, varied cooling oil volume (VOV) control was developed for the oil coolant of a machine tool. This allows adjustment of the oil circulation flow rate in terms of the machining loads and rotational speeds of the spindle to remove the generated heat effectively from the spindle. A mathematical model of the cooling oil flow rate in terms of the rotating speed and torque of the spindle for VOV method is developed. From the thermal deformation experiments with the VOV method, the thermal deformations in both the Y-axis and Z-axis can be greatly reduced, by 70.1 % and 73.5 %, respectively, in variable rotational speed operation with a short operational period (10 minutes). Moreover, the VOV method was applied to shorten the required warm-up time of the spindle. The required warm-up time of the spindle can be shortened by 50 %, while the three axes of the spindle attain stable thermal conditions. In practical machining experiments, the machining accuracy with the VOV method can be greatly enhanced by 34 % to 62 % in comparison with the current case of constant cooling oil volume (COV). The VOV control system in the machine tool spindle can effectively reduce the thermal deformation and shorten the required warm-up time. In addition, the machining accuracy can be greatly enhanced.
The development of the machine tool has only gradually evolved from multi-axis machines to intelligent machines, but the demand for ultra-precision in machine tools is invariable.
No matter whether machine manufacturing, the semiconductor industry or even the aerospace industry is considered, the demand for high-precision components is essential for high-level industry, which requires the machining accuracy of machine tools to be correspondingly enhanced. In a machine tool, the spindle is a key module and plays an important role in the precision of product manufacturing. In addition to the requirement of manufacturing efficiency, the problems of thermal error results from the attention paid to the longterm operation of the machine tool. In the 1990s, several studies indicated that the dynamic thermal error varies under different machining conditions and ranges from several tens of micrometers to several hundred micrometers, which is treated as major error source of the ultra-precision machine tool. Moreover, the effect of the operational environmental temperature on the thermal deformation of the machine tool cannot be ignored. Li et al. [1] mentioned that the ambient temperature of the machine can affect the accuracy of the machine, especially in the ambient temperature drop condition. If the temperature variation is stable, the positioning accuracy of the machine can be improved by 29.6. %. Toshimichi and Eiji [2] discussed the thermal deformation of mechanical operation due to the change of environmental temperature and found that the thermal deformation due to the change of environmental temperature increased with the increase of spindle speed. Tan et al. [3] investigated the effect of environmental temperature on the thermal deformation of large machine tools. Unlike conventional machine tools, this study performed thermal hysteresis analysis of large machine tools and obtained that the fluctuations in lag time varied with different seasonal climates and environmental temperatures. The ultra-precision machine tool is sensitive to the environmental temperature and is usually installed in an environmental control chamber to avoid the effect of environmental temperature variations on the geometric accuracy of the machine tool. However, the initial and operational costs of an environmentally controlled factory are high. Currently, the major methods of enhancing the precision of machine tools include eliminating machine error in the manufacturing process, thermal compensation and thermal suppression. From the system design point of view the elimination of machine error in the manufacturing process from component manufacturing to component assembly, high toughness of the mechanical structure, robust control, good thermal stability, high precision of the components and assembly have to be assured in order to reduce machine error. For the structural design of machine tools, several designs have been proposed, including bearing design, bearing preload, active heater design, and the use of low-thermalconductivity materials, to reduce machine error. The finite element method was often used to analyze the toughness and thermal stability of the machine tool [4] . Low friction resistance of bearings have been adopted to reduce the frictional heat of the spindle and feed system. Ge and Ding [5] utilized Carbon Fiber Reinforced Plastic (CFRP) with the performance of the thermal contraction to reduced thermal deformations of spindle housing. Li and Qingchang [6] indicated that the factors affecting the thermal error of the spindle included the oil-film thickness and the preload and lubrication of the bearing. By using a cooling system, the radial temperature difference of the spindle can be controlled within 30 • C even during operation at high rotational speeds. The above methods are proof of enhancement of high precision, but due to their high initial cost, practical applications of these methods on machine tools are limited.
The most commonly used method for reduction of thermal deformation is thermal compensation. Using this method a thermal error-prediction model is built up from experiments for position compensation [7] . With the thermal compensation method, machining precision ranging from 10 µm to 20 µm can be attained.
In addition to the thermal compensation method, the oilcooling method was applied to enhance the precision of the position of the spindle and lead screw in a machine tool, in order to extract the generated heat from the components by heat exchange [8] , [9] . Currently, oil cooling with a constant flow rate (COV) has been adopted in machine tools, in which the flow rate of cooling oil supplied to the machine tool is constant and cannot be adjusted according to the variation in the heat generated by the machine tool. By this method, insufficient cooling or excessive cooling often occurs in the machine tool during operation.
Furthermore, most of the thermal error studies often simulated the cutting effect of machine tools with a high rotational speed spindle and a high feeding speed. However, the machining error resulting from friction force, cutting heat and heat accumulation in the cutting oil in the machine is quite apparent, which is sometimes neglected in the simulation [10] . Thus, recently, a thermal error prediction model was built up through practical cutting machining experiments. Using the thermal error prediction model, a thermal error database can be established and thermal compensation can be accomplished in the practical cutting machining process. Although real-time thermal compensation technology has been validated in industrial applications and research in laboratories, but several major problems such as change in environmental temperature, machining applications, etc., must be overcome before this technology is widely applied in industry.
The spindle of a machine tool generates a large amount of frictional heat under high-speed rotational operation during the cutting process. This heat may cause thermal expansion and thermal errors in the structure of spindle via thermal conduction. These thermal errors have a great influence on the accuracy of the machined workpiece. At temperature changes of 6 • C in the spindle, the positioning of individual axes may exceed the declared value, and the total spatial positioning error can be approximately 0.5 mm [11] . Therefore, in the cooling design for the spindle, the frictional heat must be effectively extracted from the spindle.
Currently, oil/water cooling channels are mainly used for spindle and structure cooling, and the design of these channels has become one of the main research topics for the reduction of thermal errors. To reduce the heat generated by the spindle, dimensional optimizations of the oil/water cooling channels have been studied by simulation [12] . Increasing the inner-surface roughness of the cooling channels was adopted to enhance the heat transfer in the cooling channels and improve the machining accuracy. The maximum temperature difference between the inlet and outlet of the cooling channel can be reduced approximately 2.7 • C [13] . The suitable dimensions of cooling channels corresponding to different cooling flow rates were investigated by computational fluid dynamic simulations [14] . Although better cooling efficiency can be obtained through the dimensional design of the spindle cooling channel, in the practical cutting machining process the load on the spindle constantly varies. Thus, the cooling oil operational conditions of the spindle sometimes do not meet the cooling demanded by various operational loads.
In addition, the temperature control of the cooling oil was used to reduce the thermal deformation of the spindle in terms of rotational speed [15] . Liu et al. [16] developed differentiated multi-loops cooling system to bring constant supply cooling flow rate to heat generating parts in machine to reduce the thermal deformations. Liu et al. [17] developed a power matching based cooling method for spindle to determine the cooling power for different parts of spindle. Zhang et al. [18] utilized an active coolant strategy for spindle thermal balance control. Analytical relationship among spindle internal heat generation, external heat convection and coolant heat dissipation was established. The active coolant strategy can effectively reduce spindle thermal errors.
Improving the equipment utilization rate is important in Industry 4.0. In the initial stage of machining, the spindle must be operated at a high rotational speed for warming up before the machining process; this is to attain thermal equilibrium of the spindle. The required warm-up time for the spindle could be shortened by controlling the oil temperature and the utilization rate of the machine tool thus can be increased [19] . In conventional cooling system, the coolant flow rate and the supplied coolant temperature are invariant but the coolant temperature at the outlet of the spindle heat exchanger is varied in terms of different cooling loads of the spindle. However, the response time delay of the coolant temperature variation exists under the sudden cooling load variation, which may cause over cooling or insufficient cooling problems of the cooling system. For the latest literatures in 2018 and 2019, Chiang et al. [20] presents a novel temperature control by MATLAB simulation software to determine the specifications of outlet temperature control using a hot-gas bypass scheme of high-precision oil cooler with refrigerant R-32. Simulation results revealed that the proposed control scheme presented better temperature control accuracy than the traditional PID control. The steady state error of the oil outlet temperature of the high-precision-type machine tool oil cooler can be controlled within 0.1 • C by using the proposed control hot-gas bypass scheme. However, the cooling oil flow is not controlled for different spindle loads. Grama and Badhe [21] adapted the on-off compressor control to offer the constant supplied coolant temperature for the spindle by calculating the generating heat from the spindle through measuring the temperatures of the front and rear bearings and the motor. It is found the thermal deformation of Z-axis can be reduced by more than 6.4 µm. But, in their study, the coolant flow rate is in-varied as well. Kotaro et al. [22] adapted on-off control method in a hotgas-bypass type spindle cooling system to offer the constant supplied coolant temperature for the spindle but the coolant flow rate is in-varied as well. It is found that the consuming energy of the cooling system can be saved by 10 % ∼ 20 %. In order to adapt to the sudden cooling load variations, the varied coolant volume (VOV) designed is proposed to reduce the thermal deformations and improve the machining accuracy due to its rapid response.
In the previous studies, COV and thermal compensation methods were usually adopted, which cannot provide real-time response to the variable cooling demanded under different machining loads and the machining accuracy of the machine tool cannot be further improved using these methods. The theoretical control model of variable cooling oil volume on the improvement of the machining accuracy has not been investigated. Moreover, shortening the required warm-up time has not previously been seriously considered as a means of further enhancement of the manufacturing efficiency of the products. In this study, a VOV method was developed for a machine tool in order to adjust the cooling effect supplied to the high rotational speed spindle according to the variable cooling demand during the machining process. Moreover, the VOV method can be used to warm up the machine tool and shorten the required warm-up time.
Practical machining experiments using the machine tool and adopting the VOV method were conducted in order to validate further the enhancement of machining precision by the developed cooling system.
II. EXPERIMENTAL SETUP AND THERMAL DEFORMATION EXPERIMENTS A. EXPERIMENTAL MACHINE TOOL AND COOLANT
The high-rotational-speed tapping center (TC-20α, FEELER in Taiwan) is adopted in this study. In addition, thermal sensors (PT100) and flow rate sensors (G2, GPI) were used to measure the temperature and flow rate variations of the cooling oil during operation, as shown in Fig. 1 . A directdrive spindle connecting to the driving motor with a coupling set up at the head of the machine tool.
To understand the effect of the flow rate of the cooling oil on the thermal deformation accuracy and machining accuracy of the machine tool, two spindle coolants were adopted in the experiments. One is a commonly used spindle oil coolant (FEELER, 4 KW) with a constant oil flow rate of 4.5 L/min. Another is a variable-frequency spindle oil coolant (Wexten, 4 KW) with an adaptive controller and maximum oil flow rate of 18 L/min.
In this study, a variable-speed refrigeration coolant was adopted in which the supplied cooling oil temperature can be controlled at a constant value under different spindle rotational speeds by sensing the temperature of the returning oil and adjusting the rotational speed of the compressor. Moreover, using the VOV method, the flow rate of the circulating cooling oil can be adjusted in terms of the thermal deformation model based on the spindle rotational speed and the load of the driving motor. The flow rate can vary with the machining loads in real time in order to maintain the operational temperature of the spindle within a tolerable range. Figure 2 illustrates the developed dual-effect adaptive control system, which can be used for both cooling and heating of the spindle. The adaptive control system contains two circulating loops. The left oil-circulating loop consists of an oil storage tank with heaters and one oil pump. The right refrigeration circulating loop is composed of a compressor, a condenser, an expansion valve and a plate heat exchanger.
B. ADAPTIVE COOLING AND HEATING CONTROL SYSTEM

1) COOLING MODE
In the refrigerant circulation, the liquid refrigerant driven by the compressor absorbs the heat from the circulating cooling oil in the plate heat exchanger and evaporates into a gas, then returning to the compressor. The gas refrigerant is compressed to a high pressure and then is condensed into liquid refrigerant, rejecting the condensation heat to the ambient air through the condenser. The pressure of the liquid refrigerant after the condenser is reduced by passing through the expansion valve, after which the refrigerant returns to the plate heat exchanger and completes the circulation. The temperature of the circulating cooling oil can be reduced in the plate heat exchanger and the cooling oil is pumped to the rotational spindle in order to remove the heat generated in the spindle. If the return oil temperature detected by the temperature sensor is too low, the heater in the oil tank can be used to modulate the supplied oil temperature to the spindle in order to maintain a constant temperature of the supplied oil to the spindle.
2) WARM-UP MODE
When the machine tool starts up, the spindle coolant also starts and the temperature of the cooling oil is reduced to attain a set temperature. The cooling oil is continuously supplied to the cooling channels of the spindle for heat exchange. To reduce the warm-up time of the spindle after starting up the machine tool, the power driving frequency of the oil pump is dropped to the lowest limit of 22 Hz, the circulating cooling oil flow rate can be reduced to a minimum rate and the heat removed by the cooling oil will thus be reduced as well. Due to the generated heat from the rotating spindle, the temperature rise of the spindle can be gradually boosted, and the required warming-up time can be shortened by lowering the flow rate of the cooling oil. In comparison with the case of constant cooling oil flow rate, a great amount of heat is continuously removed by the cooling oil during the warm-up period. This leads to a longer warm-up time in the case of constant cooling flow rate oil.
Regarding the refrigerant circulation in Fig. 2 , the refrigerant flow rate in the circulation is controlled by a variablespeed compressor. A thermal sensor is used to detect the temperature of the return oil and transmits a signal to the PID controller. After algorithm calculation, controlling signals are transmitted to the inverter to further control the frequency of the driving power of the compressor. Thus, the refrigerant flow rate in the circulation can be adjusted in terms of the return oil temperature, and a constant temperature of the cooling oil supplied to the spindle can be assured.
3) ADAPTIVE COOLING CONTROL
In this study, an inverter is installed at the oil pump whose rotational speed can be adjusted in terms of the cooling demand of the spindle under different operational loads, as shown in Fig.2 . The sensors of the spindle can measure the rotational speed and torque of the spindle and transmit the corresponding signals to the PID (proportional-integraldifferential) controller in order to adjust the rotational speed of the oil pump and the supplied oil flow rate to the spindle in terms of cooling load demands under different operational loads, as shown in Fig.3 . 
4) SETTING TEMPERATURE OF COOLING OIL
In this study, the temperature of the cast component is treated as the reference temperature for the return cooling oil to prevent overcooling. The temperature sensor offers instant response to the invertor to adjust the refrigerant flow rate in the refrigerant circulation. The temperature difference between the cast and return oil is maintained at 2 • C in this study.
C. THERMAL DEFORMATION MEASUREMENT
The thermal deformation measurement of the machine tool spindle is based on the ISO 230-3 specification [23] . A test bar was clamped on the spindle and a measuring device with an eddy-current sensor (AEC S-06) was placed on the workbench. When the spindle operates, the displacements along the X-axis, Y-axis and Z-axis can be measured, as shown in Fig. 4 .
Uncertainties in measuring any physical quantity are always presented due to instrumental, physical and human inadequacies. Uncertainty analysis is the procedure employed to assess the uncertainty from measured variables with known values of uncertainties. In this study, the experimental influencing factors and corresponding uncertainties in the experiments include: (1) ambient temperature variation of 25 • C ± 1 • C; (2) temperature sensor (PT100) error is ±0.06 %; (3) cooling oil flowmeter error <0.1 %; (4) signal measuring instrument (GL840M) error ± 0.002%; (5) eddy current sensor error is ± 1%. According to J. Kline [24] measurement uncertainty, the total uncertainty associated with the coefficient of performance is found to be ±4.1%. The uncertainty analysis was calculated equation which is the root of the sum square of each uncertain condition. It can be expressed as follows:
. , x n are the uncertainties in the corresponding variables.
D. THEORY OF THERMAL DEFORMATION
Hooke's law [25] is used to calculate the thermal deformation caused by the heating of the material. By using the overlapping principle, the deformation due to the stress and temperature effects can be obtained. The heat generated by the machine tool causes the temperature to rise, resulting in a temperature difference and followed by a thermal deformation. From a microscopic perspective, the reason for thermal deformation is that after a rise in the temperature of the structure, the molecules of the structure have greater kinetic energy and vibrate at larger amplitudes. Thus, the average distance between molecules increases, resulting in the observed deformation phenomenon. Considering a homogeneous material, as shown in Fig. 5 , when the temperature increases by T , the elongation in all directions can be obtained by the law of thermal expansion [25] as follows:
where a, b, and c, represent the elongation in the x, y and z directions, respectively; α is the coefficient of thermal expansion; and T is the temperature difference. Therefore, the strains caused by temperature changes in all directions are given as follows:
where ε is the strain due to temperature change, (ε xx ) T is the strain in the x direction due to temperature change, ε yy T is the strain in the y direction and (ε zz ) T is the strain in the z direction. Assuming the material is isotropic, i.e., α x = α y = α z , the following equation is obtained:
Therefore, when the stress and temperature effects are applied simultaneously, the strains in all directions can be obtained by the overlapping principle as follows:
where E is Young's modulus, v is Poisson's ratio and σ is the stress. σ can be obtained from σ = Eε. In eqs. (8)- (10), when the stress and temperature effects are applied simultaneously, the strains in all directions are obtained by the overlapping principle, ε xx is the strain in the x direction, ε yy is the strain in the y direction, and ε zz is the strain in the z direction.
E. REGRESSION ANALYSIS
Regression analysis is mainly used to analyze the relationship between one or more independent/dependent variables. Regression analysis can be divided into simple regression and multiple regression (or complex regression). Simple regression is an analytical method with only one independent variable and one dependent variable in the regression equation to represent the relationship between the independent variable and the dependent variable. However, multiple regression is an analytical method with two or more independent variables in the regression equation [26] in order to understand the response levels or quantities of the dependent variables in terms of the levels or quantities of the independent variables.
In this study, the flow rate of cooling oil can be adaptively controlled. The flow rate of the supply oil in the cooling system was evaluated according to the rotational speed and torque of the spindle. Therefore, multiple regression was used to obtain a suitable supply oil flow rate for the spindle under different cooling demands of the spindle. This multiple regression can be expressed as the following equation:
where y t is a dependent variable, x t are independent variables, β 0 is a constant, β 1 . . . .. β n are regression coefficients and ε t is the error.
Coefficient of Multiple Determination:
The coefficient of multiple determination is used to represent the goodness of fit of the regression model, which is defined as follows:
where SSR is regression sum of squares, SST is total sum of squares, SSE is residual sum of squares. The range of R 2 is 0 ≤ R 2 ≤ 1, with the ratio of R 2 indicating the relationship level between the dependent variables and the independent variables. Higher values of R 2 indicate the dependent variables can be well predicted from the independent variables of the regression equation.
III. RESULTS AND DISCUSSION
A. THERMAL DEFORMATION MODEL FOR VOV METHOD
For the spindle of the machine tool with the VOV method, the flow rate of the cooling oil can be controlled by adjusting the frequency of the driving power of the oil pump in terms of the rotational speed and torque of the spindle. To understand the relationship among the driving power frequency, rotational speed of the spindle and torque output of the spindle, the spindle operated under a no-load condition with the rotational speed increasing from zero to the highest value of 10,000 rpm. The operational temperature of the spindle was measured at each rotational speed interval of 1,000 rpm. The temperature signals were transmitted to the inverter to adjust the driving power frequency of the oil pump and to control the flow rate of the cooling oil in order to maintain a stable operational temperature of the spindle under different rotational speeds and loads. Table 1 lists the suitable driving frequencies of the oil pump and the corresponding torque outputs of the spindle at different experimental rotational speeds of the spindle with thermal steady state. By using the suitable driving frequencies of the oil pump, the corresponding thermal deformation of the spindle can attain minimum values under different rotational speeds of the spindle.
To obtain a multivariate regression equation from the results in table 1, the suitable driving frequency is defined as the dependent variable and the rotational speed of the spindle and torque output of the spindle are treated as independent variables. After regression analysis based on the experimental results in table 1, the final regression equation is obtained as follows:
where Y is the frequency of the oil pump, N is the rotation speed of the spindle and T is the torque of spindle. The frequency of the oil pump is proportional to the circulating cooling oil flow rate. Table 2 contained the results of multiple determinations with an R 2 value of 0.9965, which is close to 1.0; therefore, the regression model can represent the relative relationship between the independent variable and the dependent variable. 
B. COOLING CAPACITY ANALYSIS WITH COV AND VOV CONTROL METHODS
Regarding the heat removal rate for a cooling fluid flow, the heat removal rate by the cooling oil flow is proportional to the flow rate of the cooling oil flow and the temperature difference of the cooling oil flow between the inlet and outlet of the cooling channel. More heat can be rejected by the cooling oil flow using a higher flow rate and lower supplied oil temperature. However, in the case of a constant inlet temperature of cooling flow, an excessive supply of cooling oil flow rate may result in the shrinkage deformation of the spindle due to overcooling. Conversely, a lesser cooling oil flow rate may require a longer cooling time to attain a thermally stable state to response to a sudden cooling load of the spindle. Thus, effectively controlling the cooling flow rate in terms of the cooling load of the spindle is essential to reduce thermal deformation and enhance the machining accuracy of the spindle.
In this study, an experimental comparison between the constant cooling control (COV, current cooling method) and VOV method were carried out. The spindle rotating speed ranges from 1,000 rpm to 10,000 rpm. The oil type for spindle cooling is ISO VG5 with a density of 828 kg/m 3 and a specific heat capacity of 1,882 J/kg-K. Each measurement data is measured under the thermal steady state at each rotational speed of the spindle. In Fig. 6 , in the case of constant cooling flow rate (COV control method), under lower cooling loads with lower rotational speeds of the spindle, the cooling oil temperatures between the inlet and outlet of the cooling channel are also lower. With an increase in the rotational speed of the spindle, the required cooling load of the spindle rises and increases the difference in the cooling oil temperatures. In the case of the VOV control method, at different rotational speeds of the spindle the cooling flow rate proportionally rises as well and the corresponding cooling oil temperature difference between the inlet and outlet of the cooling channel gradually increases with the increase in the rotational speed of the spindle. At low rotational speeds of the spindle, due to the lower cooling oil supply flow rates, the longer heat exchange time between the cooling oil and the spindle causes a greater cooling oil temperature difference in comparison with the case of the COV control method at the same rotational speeds of the spindle. At high rotating speeds of the spindle, much heat must be removed by the cooling system in order to reduce the thermal deformation of the spindle. Using the VOV control method, sufficient cooling oil volume can be circulated to the spindle in terms of the cooling load of the spindle. There is a higher flow rate of the supplied cooling oil to the cooling channels at higher rotating speeds. Thus, the heat resistance of the cooling oil is less, which leads to a greater difference in the cooling oil temperature between the inlet and outlet of the cooling channel as well, in comparison with the case of the COV control method at the same rotational speeds of the spindle.
During the cooling process for spindle, the cooling capacity of the coolant determines the thermal suppression effect and the amount of deformation. The cooling oil pump of the COV control system has a constant flow rate of 2.14 LPM in this study. The cooling capacity of the cooling system can be obtained from the equation,Q =ṁ × c p × T [27] , whereQ is the total rate of heat transfer,ṁ is mass flow rate, c p is the specific heat capacity of the cooling oil and T is the temperature difference of the coolant at the inlet (T i ) and the outlet (T o ) of the heat exchanger. From the equation, T o and T i denote the coolant temperature at the outlet and inlet of the heat exchanger. In this study, a constant supplied coolant temperature, T i , is controlled by the varied speed compressor of the cooler, which received the signal from the temperature sensor at the outlet of the spindle heat exchanger. When the cooling load of the spindle increases, the temperature difference, T , of the coolant rises as well under the constant coolant flow rate. On contrary, when the cooling load of the spindle decreases, the temperature, T , of the coolant declines as well.
In this experiment, a temperature sensor was set up at the cooling oil outlet and return ports. In addition, the temperature of the structure (as the reference temperature) was measured to determine the supply cooling oil temperature. Figure 7 compares the cooling capacities of the two cases of COV and VOV controls at different rotational speeds of the spindle. It can be seen that with the increase in the rotating speed of the spindle, the heat load generated in the rotating spindle increases and more heat can be removed by the cooling oil. Thus, the cooling capacities of both cases gradually rise with the increase in the rotating speed of the spindle. However, in the case of VOV control, the flow rate of cooling oil can be adjusted in terms of the spindle rotating speed instantly. Thus, with the increase in the spindle rotating speed, the cooling capacity can be greatly increased by increasing the flow rate of the cooling oil. In the case of the COV method, at higher spindle rotating speeds, the flow rates of the cooling oil are insufficient to remove the generated heat from the rotating spindle. Thus, the cooling capacity rises slowly with the increase in the spindle rotating speed. At the highest rotating speed of 10,000 rpm, the cooling capacity of the case of VOV method can attain a value of 148.7 W, which is almost 109.8 W higher and 2.8 times greater than that of the case of the COV method. It can be seen that the heat can be removed effectively using VOV especially under higher heating load conditions.
C. DEFORMATION EXPERIMENT IN SHORT-PERIOD VARIATIONS OF SPINDLE ROTATING SPEED
The machining times of different spindle rotating speeds are dependent on the products. In general, the machining time for a constant spindle rotating speed ranges from a short period of 10 minutes to a long period of 40 minutes. The cooling capacity of the cooling oil and thermal deformation of the spindle are significantly affected by the machining period and the thermal diffusion in the spindle. In this study, in order to understand the effect of varied cooling oil volume on the thermal deformation of the spindle under different operational conditions, the thermal deformation with the short operational period of 10 minutes and longer operational period of 40 minutes for each spindle rotating speed are investigated. In the experiments using the short operational period, the spindle rotating speed increases from 1,000 rpm to 10,000 rpm in increments of 1,000 rpm over a short period of 10 minutes. Similarly, in the experiments using a long operational period, the spindle rotating speed increases from 1,000 rpm to 10,000 rpm in increments of 1,000 rpm over a long period of 40 minutes. Figure 8 illustrates the thermal deformations in the X-axis, Y-axis and Z-axis of the spindle during a short operational period at different rotating speeds using both the COV and VOV control methods. In the case of the COV control method with a cooling oil flow rate of 2.14 LPM, all thermal deformation values in the X-axis of the spindle are negative at low rotating speeds of the spindle. This indicates the thermal deformations cause the spindle to move toward negative FIGURE 8. Thermal deformation of the spindle in the X-axis, Y-axis and Z-axis during a short operational period by COV and VOV control methods. VOLUME 8, 2020 X-axis direction in the X-axis. However, in the case of the VOV control method, the overcooling effect disappears and thermal deformation values become positive and thermal deformation values are less than those in the case of COV method under the same rotational speeds. With the increase in the spindle rotating speed, the thermal deformation of the spindle in X-axis gradually decreases. At the highest rotating speeds (10,000 rpm) of the spindle, the thermal deformation in X-axis can almost approach zero.
In the Y-axis, the maximum value of thermal deformation using the VOV control method can be maintained below 5 µm. However, in the Y-axis in the case of the COV method, the maximum thermal deformation can reach 13.4 µm. Using the VOV control system, an improvement of approximately 9.4 µm in thermal deformation can be realized, especially at high rotating speeds. When the rotating speed of the spindle is below approximately 7,000 rpm, the spindle tends to move gradually in the positive direction of the Y-axis. In the case when the rotating speed is beyond approximately 7,000 rpm, the spindle tends to return toward the negative direction of the Y-axis. Thus, in both cases, a peak value of thermal deformation of the spindle in the Y-axis appears at the rotating speed of 7,000 rpm and then gradually declines with a further increase in the rotating speed.
In the Z-axis of the spindle at different rotation speeds, it can be seen that the thermal deformations in both cases gradually increase with an increase in the rotating speed. The maximum thermal deformation in the case of the COV control method can reach a high value of 37.2 µm. In contrast, the maximum thermal deformation in the case of the VOV control method was approximately 10.4 µm. An improvement of about 26.8 µm in thermal deformation can be realized using the VOV method. This effect is more apparent at high rotating speeds of the spindle.
From the above experiments, the maximum thermal deformations of the spindle in the X-axis, Y-axis and Z-axis are −1.4µm, 13.4 µm and 37.2 µm using the COV method, respectively. However, using the VOV method, the maximum thermal deformations in the X-axis, Y-axis and Z-axis are 1.6 µm, 4 µm and 10.4 µm, respectively. The thermal deformation in the Y-axis is reduced by 70.1 %, and the thermal deformation in the Z-axis is reduced by 72 %, while the reduction of thermal deformation in the X-axis is not apparent.
Because the general C-type milling machine with a directdriven spindle is adopted in this study, the thermal deformations in the X-axis are less in comparison to those in the other two axes according to the characteristics of the spindle in the machine tool.
D. DEFORMATION EXPERIMENT IN LONG-PERIOD VARIATIONS OF SPINDLE ROTATING SPEED
In this study, thermal deformation of the spindle over a long period of rotating speed variation was further investigated in order to understand the cooling period effect on the thermal deformation of the spindle at different rotating speeds ranging from 1,000 rpm to 10,000 rpm. The operational period of the spindle at each rotating speed is 40 minutes and the rotating speed increment between each operational period is 1,000 rpm. Figure 9 illustrates the thermal deformations in the X-axis, Y-axis and Z-axis of the spindle at different rotating speeds with a long operational period using COV and VOV control methods. In Fig. 9 , the thermal distributions in the X-axis, Y-axis and Z-axis of the spindle are similar to the case with short operational period. In the case of the COV control method with a constant flow rate for the supplied oil of 2.14 LPM, all thermal deformation values in the X-axis of the spindle are negative at low rotating speeds of the spindle as well. However, in the case of the VOV control method, the thermal deformation values become positive and are less than those in the case of COV method under the same rotational speeds. Under high rotating speeds of the spindle, the thermal deformation in X-axis can almost approach zero. The thermal deformation of the spindle in the case of the VOV control method can be maintained in a range from 1 µm to 2 µm regardless of the rotating speed of the spindle. From the figure, it can be seen that the thermal deformations in the Y-axis in the case of the VOV control method are always less than those of the COV control method at different rotating speeds. The maximum value of the thermal deformation in the Y-axis using the VOV control method can be maintained below 12 µm. However, in the case of the COV control method, the maximum thermal deformation in the Y-axis can reach 19.2 µm. Using the VOV control method, thermal deformation can be improved in a range from 2 µm to 7.2 µm. The thermal deformation distribution in the Y-axis of the case of long-period operation at different rotating speeds is similar to that of the case of short-period operation. The spindle tends to move toward the positive direction of the Y-axis. After the rotating speed reaches 4,000 rpm, the spindle tends to move back toward the negative direction of the Y-axis.
In the Z-axis of the spindle at different rotation speeds, it can be seen that the thermal deformations in both cases gradually increase with the increase in the rotating speed. The maximum thermal deformation of the case of the COV control method can reach a high value of 32.2 µm. However, the maximum thermal deformation in the case of the VOV control method was approximately 13.2 µm. The reduction of thermal deformation in the Z-axis gradually increases with the increase in rotating speed of the spindle. At high rotating speeds of the spindle, a reduction of approximately 19 µm in thermal deformation in the Z-axis can be attained.
From the above experimental results, the maximum thermal deformations in the Y-axis and Z-axis can be reduced by 37.5 % and 59 % respectively using the VOV control method. However, the reduction of thermal deformation in the X-axis by the VOV control method is not apparent in this study. Table 3 lists percentage improvement in accuracy of the spindle using the COV and VOV control methods at different rotating speeds of the spindle. For short-period operation of the spindle, the percentage improvement in accuracy in the Y-axis and Z-axis ranges from 50 % to 100 %. However, in the case of long-period operation, the percentage improvement in accuracy in the Y-axis and Z-axis ranges from 17 % to 78 %. For the thermal deformations of the spindle using the COV control method in both short-period operation and long-period operation, due to the longer thermal diffusion time in long-period operation, the thermal deformations in the Y-axis and Z-axis in long-period operation are larger than those in short-period operation at the same rotating speed. Thus, the percentage improvement in accuracy in the case of long-period operation is lower than that of short period operation at the same rotating speed.
E. VARIATIONS OF THERMAL DEFORMATION OF SPINDLE ROTATING SPEED
In this study, the variable cooling oil flow rate control is adopted by detecting the rotation speed and torque of the spindle; a mathematical model is developed to adjust the coolant flow rate to adapt to rapid changes in the cooling load. By detecting the rotation speed and torque of the spindle, the response time to the cooling load change in spindle can be greatly reduced in comparison to that by detecting the coolant temperature. In addition, in this study, the temperature of the returning coolant from the heat exchanger in the spindle is detected, and the power driving frequency of the varied speed refrigerant compressor of the cooler can be modulated in order to adjust the coolant supply temperature to the heat exchanger in the spindle. In other word, when the cooling load in the spindle increases, the coolant temperature from the outlet of the heat exchanger in the spindle increases as well. In order to adapt to the increase in cooling load, the supplied coolant temperature to the spindle heat exchanger is then decreased by increasing the power driving frequency of the refrigerant compressor and refrigerant flow rate in the refrigeration cycle to increase the coolant temperature difference between the inlet and outlet of the spindle heat exchanger. However, when the cooling load in the spindle decreases, the cooling temperature from the outlet of the heat exchanger in the spindle decreases. The supplied coolant temperature to the spindle heat exchanger is then increased by decreasing the power driving frequency of the refrigerant compressor and refrigerant flow rate in the refrigeration cycle to reduce the coolant temperature difference between the inlet and outlet of the spindle heat exchanger and adapt the increase in cooling load. With this method, the cooling system can quickly respond to changes in thermal load and reduce the thermal deformation of the spindle. Moreover, higher machining accuracy can be achieved with the VOV method. The response times to a sudden cooling load change for COV and VOV methods can be seen in Figs. 10 and 11. Figure 10 illustrates the variation rate of thermal deformations in the Y-axis and Z-axis of the spindle during a short operational period at different rotating speeds using both the COV and VOV control methods. In the Y-axis, the maximum variation of the thermal deformation rate using the VOV control method can be maintained below 0.3 µm/min. However, in the Y-axis in the case of the COV method, the maximum thermal deformation rate can reach a value of 1.1 µm/min. By using the VOV control system, an improvement of approximate 9.4 µm/min in thermal deformation rate can be realized at the rotating speed of 10,000 rpm.
In the Z-axis of the spindle at different rotation speeds, it can be seen that the variation of thermal deformations in both cases gradually increases with an increase in the rotating speed. The maximum thermal deformation rate in the case of the COV control method can reach a high value of 3.7 µm/min. In contrast, the maximum thermal deformation rate in the case of the VOV control method was approximate 1.1 µm/min. An improvement of 2.6 µm/min in thermal deformation rate can be realized by the VOV method. This improvement effect is more apparent under high rotating speed conditions of the spindle.
From the above experiments, the maximum thermal deformation rates of the spindle in the Y-axis and Z-axis are 1.1 µm/min and 3.7 µm/min by the COV method, respectively. However, by the VOV method, the maximum thermal deformation rates in the Y-axis and Z-axis are 0.3 µm/min and 1.1 µm/min, respectively. The thermal deformation rate in the Y-axis is reduced by 72.7%, and the thermal deformation rate in the Z-axis is reduced by 70.2%. Figure 11 illustrates the thermal deformation rates in the Y-axis and Z-axis of the spindle at different rotating speeds with a long operational period using the COV and VOV control methods. In Fig. 11 , the thermal distribution rates in the Y-axis and Z-axis of the spindle are similar to those in the case with short operational period.
From the figure, it can be seen that the thermal deformation rates in the Y-axis in the case of the VOV control method are always less than those of the COV control method at different rotating speeds. The maximum thermal deformation rate in the Y-axis by the VOV control method can be maintained below 0.3 µm/min. However, in the case of the COV control method, the maximum thermal deformation rate in the Y-axis can reach a value of 0.48 µm/min. By the VOV control method, the thermal deformation rate can be improved from 0.13 µm/min to 0.18 µm/min. The thermal deformation rates in the Y-axis of the case of long-period operation at different rotating speeds are similar to that of the case of short-period operation. The spindle tends to move toward the positive direction of the Y-axis. After the rotating speed reaches 4,000 rpm, the spindle tends to move back toward the negative direction of the Y-axis.
In the Z-axis of the spindle at different rotation speeds, it can be seen that the thermal deformation rates in both cases gradually increase with the increase in the rotating speed. The maximum thermal deformation rate of the case with the COV control method can reach a high value of 0.81 µm/min. However, the maximum thermal deformation rate in the case of the VOV control method was about 0.33 µm/min. The reduction of thermal deformation rate in the Z-axis gradually increases with the increase in the rotating speed of the spindle. At high rotating speeds of the spindle, a reduction about 0.48 µm/min in thermal deformation rate in the Z-axis can be attained.
From the above experimental results, the maximum thermal deformation rates in the Y-axis and Z-axis can be reduced by 37.5% and 59.3%, respectively, by the VOV control method.
F. REQUIRED WARM-UP TIME OF THE SPINDLE USING COV AND VOV CONTROL METHODS
In the study, the required warm-up time of the spindle was investigated using the COV and VOV control methods. In the past literature, the warm-up time for machine tools is rarely mentioned. The use of the varied coolant volume (VOV) method can greatly shorten the required warm-up time of machine tools and the machining productivity can be improved. From previous thermal deformation results in the Y-axis and Z-axis of the spindle, it can be seen that the maximum thermal deformation in the Y-axis often happens at a rotating speed of approximately 8,000 rpm and the thermal deformation in the Z-axis usually approaches a steady value when the rotating speed is greater than 8,000 rpm. Thus, in this study, a rotating speed of 8,000 rpm is chosen to conduct the warm-up time experiments of the spindle using the COV and VOV control methods. Figure 12 illustrates the thermal deformations in the X-axis, Y-axis and Z-axis of the spindle. From the figure, the warm-up time in the Z-axis of the spindle is close to 120 minutes using the COV control method. However, using the VOV control method, a warm-up time of 50 minutes can be reached. The required warm-up time for the spindle is shortened by 70 minutes, a reduction of 58.3 %.
In the Y-axis, the warm-up time of the spindle is approximately 70 minutes using the COV control method. However, using the VOV control method, a warm-up time of 50 minutes can be reached. The warm-up time required for the spindle is shortened by approximately 20 minutes, a reduction of 28.6 %.
In the Z-axis, the warm-up time of the spindle was is approximately 150 minutes using the COV control method. However, using the VOV control method, a warm-up time of 60 minutes can be reached. The required warm-up time of the spindle is shortened by approximately 90 minutes, a reduction of 60 %.
To estimate the required warm-up time of the spindle using the COV and VOV control methods, the thermal deformation rates in the X-axis, Y-axis and Z-axis are illustrated in Figs. 13 and 14 . The thermal deformation rates in the warm-up operation are defined as TDR = (TD n+1 − TD n ) τ , where TDR is the thermal deformation rate, TD is the thermal deformation, τ is the time interval and n indicates the nth time step. The thermal deformation rate represents the difference in thermal deformation between the (n+1)th time step and nth step with a time interval of τ .
To determine the thermal steady state of the spindle, a criteria of 0.05 µm/min is defined. While the thermal deformation rate is less than this criteria value, the spindle is considered to have attained thermal steady state.
No matter whether using the COV control method or the VOV control method, the experimental results showed that the Z-axis took a longer time than the X-axis and the Y-axis to warm up. Due to the mechanical structure of the spindle, the thermal deformation in the X-axis is less in comparison to the thermal deformations in the other two axes and the required warm-up time in the X-axis is shorter.
In the case of the COV control method, thermal steady state in the three axes can be attained after a warm-up time longer than approximately 120 minutes. However, in the case of the VOV control method, thermal steady state in the three axes can be attained after 60 minutes of warm-up time. The required warm-up time to attain thermal steady state in the three axes can be reduced by almost 50 % using the VOV control method.
G. PRACTICAL MACHINING VALIDATION
From the previous experiments, the VOV control method can be used to reduce greatly the thermal deformation of the spindle, but the corresponding experiments were conducted under off-loading operations of the spindle. The effect of the VOV control method on the machining precision has never been investigated in practical machining processes. In this study, the VOV control method was applied to practical cutting machining processes of two workpieces in order to understand the improvements in flatness, parallelism and dimensional precision of the machined workpieces. For the practical machining experiments of the first workpiece, as shown in Fig. 15(a) , four flatness experiments were conducted on the first workpieces by an R3 ball end mill with a spindle rotational speed of 10,000 rpm. The dimensions of the four flats on the first workpieces are 100 mm * 50 mm, as shown in Fig. 15(b) . The VOV control method is adopted in the flatness experiments of No.1 and No.2 flats, however, the conventional cooling method (COV) is applied to the flatness experiments of No.3 and No.4 flats in order to understand the difference in flatness precision between the two methods. Another practical machining experiment of the second workpiece mainly investigated the machining dimensional error in the Y direction, in which two pyramids with two steps were machined by a spindle using an end mill with a 6 mm diameter and rotational speed of 4,000 rpm. The total required machining time for each pyramid is 6 hours. The pyramid on the left-hand side of the workpiece was machined using the VOV control method and the COV control method was applied to the machining of the right-hand side pyramid in order to understand the differences in dimensional error and parallelism between the two machined pyramids. The comparisons of dimensional error and parallelism between the two machined pyramids are shown in Fig. 16 . For the pyramid machined using the COV control method, the dimensional errors are 8.5 µm and 9.2 µm in comparison with the initial design dimension of 40 mm × 40 mm and 60 mm × 60 mm. For the other pyramid machined using the VOV control method, the dimensional errors can be reduced to 3.2 µm and 3.7 µm in comparison with the initial design dimension. From the dimensional error comparison of the two machined pyramids with different cooling methods, it can be found that the dimensional errors of the machined pyramid can be substantially improved by 60 % using the VOV control method. From table 4, it can be seen that in a comparison of parallelism between the two machined pyramids, the parallelism of the machined pyramid can be enhanced by 55.6 % as well.
For the practical machining experiments of the final workpiece, as shown in Fig. 17 , machining tolerance and true position experiments were conducted on the final workpieces by a ∅8 ball end mill with a spindle rotational speed of 2,800 rpm. Regarding the experimental results of machining tolerance using the VOV control method, the tolerance are closer to the required value (38.4+0.025mm) than the COV control method. Moreover, using the VOV control method, the true positions are all less than the required value of 0.1mm, which are reduced from 0.055mm to 0.07mm in comparison to the values of COV control method.
IV. CONCLUSION
This study adopted the varied cooling oil volume (VOV) method for cooling and warm-up of the spindle of the machine tool. The VOV design is adopted and the flow rate of the coolant can be modulated in terms of the machining loads and rotational speeds of spindle. Therefore, when the machining loads and rotational speeds of spindle increase, the coolant flow rate is simultaneously increased to remove the heat from the spindle and reduce the thermal deformations. On the contrary, when the machining loads and rotational speeds of spindle decrease, the coolant flow rate is simultaneously decreased. Therefore, the use of VOV cooling system for the spindle can not only reduce the thermal deformations, but also achieve energy saving. Under the constant coolant flow rate and sudden variations of the spindle cooling loads, the corresponding response time of the coolant temperature variation at the outlet of the spindle heat exchanger sometimes lags behind the sudden cooling load variation. The delay of response time of the coolant temperature may cause the over cooling or insufficient cooling problems for the spindle. In this study, the varied coolant volume design is adopted and the flow rate of the coolant can be modulated in terms of the machining loads and rotational speeds of spindle. Therefore, when the machining loads and rotational speeds of spindle increase, the coolant flow rate is simultaneously increased to remove the heat from the spindle and reduce the thermal deformations. On the contrary, when the machining loads and rotational speeds of spindle decrease, the coolant flow rate is simultaneously decreased. Therefore, the use of VOV cooling system for the spindle can not only reduce the thermal deformations, but also achieve energy saving. By the varied coolant volume (VOV) design, the corresponding response time of the coolant flow rate is faster than that of the coolant temperature variation under a sudden cooling load variation. During the heat exchange process between the cooling oil and the heat source, thermal diffusion time is required to complete the heat exchange. If the distance from the heat source to the coolant is L, the thermal diffusion coefficient of the cooling oil is ψ, and the required time (t) to complete the thermal diffusion is t ≈ L 2 ψ. In this study, the required time for thermal diffusion by the VOV method can be reduced to about 9.04 s. Thus, by the VOV design, the generating heat from the spindle can be effectively removed, especially under sudden cooling load variations. However, for the coolant flow rate, minimum cool flow rate limit should be defined to avoid the overloading and low efficiency of the refrigerant cooler.
In this study, a mathematical model of the cooling oil flow rate in terms of the rotating speed and torque of the spindle for VOV method is developed. For the mathematical model, the coefficients in the model are only adequate to the experimental machine, which is inadequate to be applied to the other machines. For the applications of the mathematical model to the other machines, the dependent variables, rotation speed (N) and torque (T), can be adopted but the coefficients in the model have to be modified. In the future, artificial intelligence will be used to find adequate coefficients for different machines.
In comparison to the commonly used constant flow rate of cooling oil, much heat can be removed from the spindle, especial under high loading operations and insufficient cooling or overcooling can be avoided using the VOV method. Regarding the improvement in thermal deformation of the spindle, the thermal deformation can by reduced by 70 % in both the Y-axis and Z-axis with short-period operation and by 38 %∼59 % during long-period operation. Especial under short-period operation (sudden cooling load variation), the thermal deformation improvement is apparent using the VOV method. Regarding the shortening of the warm-up time, the required time can be reduced by 50 % for all three axes to attain thermal steady state using the VOV method in comparison with the COV method. For machining accuracy enhancement, the flatness, parallelism, and dimensional error of the workpiece can be enhanced by 34 %, 55.6 % and 62.4 % respectively using the VOV method in comparison with the COV method. For the tolerance and true positions experimental verifications, the tolerance and true positions of the machining workpiece can attain the high accuracy requirements as well.
For the spindle of the machine tool with the VOV method, the flow rate of the cooling oil can be controlled by adjusting the frequency of the driving power of the oil pump in terms of the rotational speed and torque of the spindle. Especially, when the spindle operates at a lower rotational speed, the coolant and refrigerant flow rates can be simultaneously reduced by correspondingly adjusting the frequencies of the driving powers of the coolant pump and refrigerant, respectively. Thus, the energy consumption of the system with VOV method can be greatly reduced in comparison to that with the COV method.
From the above experimental results, the removal of the heat from the spindle, thermal deformations of the spindle, required warm-up time and even machining accuracy of the machine tool can be greatly improved by the VOV method, which possesses a great potential for applications in the future of ultra-precision and intelligent machine tools. In addition, the VOV method can integrate the artificial intelligent method and the machining accuracy can be further improved; this may become the main future trend for spindle cooling development.
